Upon stimulation with interferon-γ, a typical Thl cell-derived cytokine, human monocyte-dertved macrophages produce neopterin derivatives and in parallel degrade the essential amino acid L-tryptophan to L-kynurenine and subsequently to 3-hydroxyanthramlic acid and anthramlic acid. In parallel, stimulated macrophages produce reactive oxygen species such as hydrogen peroxide and hypochlorous acid. Earlier, neopterin and 7.8-dihydroneoptenn were found to enhance or decrease effects of reactive oxygen species in vitro, depending on concentration and on environmental condition. In this study, we investigated the ability of tryptophan and its metabolites to interfere with radicals in vitro by means of a chemiluminiseence-based assay system. When using hydrogen peroxide or chloramine Τ as source for radical formation. L-tryptophan and its catabolites reduced chennluminescence according to a dose-response relationship, 3-hydroxvanthranilic acid being the most efficient compound. Apart from L-kynurenme the scavenging effects of tryptophan and its metabolites were not affected by changes m pH from 5.5 to 7.5. Our data indicate that tryptophan degradation produces metabolites with a high scavenging ability for reactive oxygen and chlorine species, thereby establishing a self-regulatory mechanism to limit the tissue damage by reactive radicals produced by macrophages.
Introduction
Macrophages play a key role in both adaptive and innate immunity by their function as antigen-presenting cells and by secretion of cytokines and other products ( 1 ) . Upon stimulation, they produce reactive oxygen species (ROS) such as hydrogen peroxide, superoxide anion radical or hydroxyl radicals (2) . On the other hand, stimulated polymorphnuclear cells release myeloperoxidase which may be bound to macrophages and catalyses the reaction of hydrogen peroxide and chloride to form hypochlorous acid. This acid reacts readily with free amines on a wide variety of organic molecules, yielding the chloramines (1) . All these products are highly toxic to ingested microorganisms but also potentially self-damaging to the organism.
Thus, additional mechanisms are necessary to modulate the action of these highly reactive molecules. Human organisms have a repertory of antioxidant defences including proteins such as superoxide dismutase, catalase or vitamins as vitamin C and E. Other metabolic products have been revealed to be important as physiological antioxidants, e.g., uric acid or bilirubin (3) (4) (5) .
In the broad spectrum of their secretory functions, macrophages which are stimulated by interferon-y (IFN-γ) also produce a substantially increase of indoleamine (2,3)-dioxygenase (IDO) activity (6,7) that leads to degradation of the amino acid tryptophan forming L-kynurenine, 3-hydroxyanthramlic acid (3-HAA), anthranilic acid and other products of degradation. Induction of IDO and tryptophan degradation as its consequence are supposed to play a role in host defence mechanisms against parasites (8). On the other hand, upon stimulation by IFN-y, human monocytes/ macrophages produce and release large amounts of neopterin, 6-D-erythro-l',2',3'-trihydroxypropylpterin, and neopterin derivatives like 7,8-dihydroneopterin which are synthesized from GTP by GTPcyclohydrolase I (EC 3.5.4.16) (9). Recently, neopterin and 7,8-dihydoneopterin were found to achieve the potential to enhance or scavenge the toxicity of ROS in dependence of pH value and the presence or absence of iron (10-12). In the present study we therefore tested whether tryptophan and its degradation products Lkynurenine, 3-HAA and anthranilic acid would show effects on the chemiluminescence of luminol induced by hydrogen peroxide or chloramine T, a disinfectant dissociating in aqueous solutions into hypochloric acid and various N-chloramines (13) .
Materials and Methods

Reagents
Dulbecco"s phosphate buffered saline (PBS) was purchased from Serva Co., Ltd. (Heidelberg, Germany). Dimethyl sulfoxide (DMSO), hydrogen peroxide, chloramine Τ and anthranilic acid were from Merck (Darmstadt, Germany) at the highest purity grade available. Luminol (5-amino-2,3-dihydro-l,4-phthalazinedione), L-kynurenine and 3-hydroxyanthranilic acid were obtained from Sigma Chemicals Co., Ltd. (St. Louis, MO). L-Tryptophan was purchased from Calbiochem (San Diego, CA). 
Results
All metabolites investigated, namely L-tryptophan, L-kynurenine. 3-HAA and anthranilic acid, rcduced chemiluminescence induced by hydrogen peroxide or chloramine Τ in a dose-dependent relationship (Fig. 1) .
When comparing all substances, 3-HAA and anthranilic acid appeared to be the most potent scavengers. This was true for both, hydrogen peroxide and chloramine T. Moreover, the scavenging activity of L-kynurenine was highly dependent on pH since the reduction of chloramine Τ and hydrogen peroxide exerted chemiluminiscence by L-kynurenine at pH 7.5 was almost completely abolished at pH 6.5 or pH 5.5 . In contrast, for none of the other tryptophan compounds investigated in our study we found a change in their scavenging effects between pH 5 and pH 8.
Discussion
The interference of tryptophan and its metabolites with the oxidizing capacity of hydrogen peroxide and chloramine T, a disinfectant dissociating in aqueous solutions into hypochloric acid and various N-chloramines (13), provides new evidence of the emerging role of metabolic intermediary products as important physiological antioxidants. The antioxidant capacity of tryptophan has been broadly discussed. Recently it was only reported in reactions with hypochlorous acid. No antioxidant capacity was found in a system with hydrogen peroxide and ferrous iron causing lipid peroxidation (14) and on peroxyl radicals generated from 2,2'-
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Θ J Neo Θ I H2Neo GTP Figure 2 . In human monocyte-derived macrophages (huM4>), interferon-γ (IFN-γ) induces indoleamine (2,3)-dioxygenase (IDO) and GTP cyclohydrolase I (GCH) in parallel. Du to deficiency of pyruvoyl-tetrahydropterinsynthase in these cells, neopterin (Neo) and 7,8-dihydroneopterin (H 2 Neo) are produced. IDO degrades tryptophan (Trp) to form kynurenine (Kyn) and further catabolites like anthranilic acid (AA) and 3-hydroxyanthranilic acid (HAA) are formed. All these metabolites have the capacity to modulate reactive oxygen species (ROS) depending on environmental conditions. In this way the cellular redox equilibrium can be disturbed. ("+" prooxidative influence, "-" anti-oxidative influence) azobis(2-amidinopropane)hydrochloride (15). In contrast to these findings, in our study, tryptophan turned out as a potent scavenger of luminol mediated chemiluminescence induced by chloramine Τ or hydrogen peroxide and this independently of the actual pH value.
With the exception of chemiluminescence induced by hydrogen peroxide at acidic pH, L-kynureninc acts as a scavenger similar to L-tryptophan. This effect is in good agreement with recent investigations where L-kynurenine has been found to scavenge hydroxyl radicals (16). In all experiments of our study, both 3-HAA and anthianilic acid proved to be better scavengers of radical induced chemiluminescence than L-kynurenine or L-tryptophan. The antioxidant activity of anthranilic acid has not yet been described, whereas a function of 3-HAA under different circumstances as radical scavenger has been found previously (15,17) including its action as co-antioxidant for a-tocopherol, thus inhibiting plasma lipid peroxidation (18).
Recently it could be demonstrated in liver tissue from Wistar rats that L-kynurenine leads to an increase of saturated and a decrease of polyunsaturated fatty acids incorporation into phospholipids and an elevation of cholesterol levels thereby increasing membran fluidity whereas 3-HAA shows an opposite effect (19). The mechanism of this influence of tryptophan metabolites on lipid synthesis is still not clear but it seems possible that these compounds interfere with 3-hydroxy-3-methylglutaryl coenzyme A reductase, an enzyme sensitive to ROS like hydrogen peroxide (20) .
When compared to tryptophan, all its catabolites showed an even stronger scavenging and thus antioxidant activity which suggests that degradation of tryptophan, following stimulation of macrophages with IFN-γ, may not only limit the availability of this amino acid to invading pathogens, but it may also represent an important anti-oxidant mechanism of macrophages to limit the toxic effects of radicals towards themselves and surrounding tissues. Moreover, activation of IDO may also have an antioxidative impact by consuming superoxide anion (15).
In parallel to induction of IDO IFN-g stimulated human monocytes/macrophages produce and release large amounts of neopterin and 7,8-dihydroneopterin (9) which is due to cytokine mediated induction of GTP-cyclohydrolase I (EC 3.5.4.16). Recently, neopterin and 7,8-dihydroneopterin were found to achieve the potential to enhance or scavenge the toxicity of ROS in dependence of pH value and the presence or absence of iron (10-12). Interestingly, at lower concentrations 7,8-dihydroneopterin scavenges the effects of ROS, whereas at higher concentrations and in the presence of iron 7,8-dihydroneopterin leads to the formation of superoxide anion and hydroxyl radicals from molecular oxygen (22). Neopterin even enhances the effect of hypochlorous acid and in the presence of iron also that of hydrogen peroxide (10-12). Thus, parallel activation of IDO and the production of neopterin derivatives by activated macrophages appear to be part of a biologically relevant redox-regulating system. Changes in local pH, iron concentration or the respective concentrations of pteridine or tryptophan metabolites may modify the balance of this system. It would be attractive to speculate that in activated macrophages a primarily radical scavenging effect would be achieved when the amount of tryptophan metabolites exceeds the radical promoting effects of pteridines while opposite high concentrations of pteridines may rather stimulate radical activity and thus the antimicrobial toxicity of monocytes.
Thus, the parallel induction of tryptophan degradation, pteridine production and ROs formation by the cytokine stimulated monocyte/macrophage system (23) opens new insights in the understanding of crossregulatory mechanisms of the effector response of the immune system (Fig. 2) . These aspects may be also of relevance in other cells such as endothelial cells or fibroblasts in which IDO can be stimulated by interferon-g although they are not capable of producing relevant amounts of neopterin derivatives.
